Summary Tropomyosins (Tm) are a large family of isoforms obtained from multiple genes and by extensive alternative splicing. They bind in the alpha-helical groove of the actin ®lament and are therefore core components of this extensive cytoskeletal system. In non-muscle cells the Tm isoforms have been implicated in a diversity of processes including cytokinesis, vesicle transport, motility, morphogenesis and cell transformation. Using immunohistochemical localization in cultured primary cortical neurons with an antibody that potentially identi®es all non-muscle TM5 gene isoforms compared with one that speci®cally identi®es a subset of isoforms, the possibility was raised that there were considerably more isoforms derived from this gene than the four previously described. Using polymerase chain reaction (PCR) analysis we have now shown that the rat brain generates at least 10 mRNA isoforms using multiple combinations of terminal exons and two internal exons. There is extensive developmental regulation of these isoforms in the brain and there appears to be a switch in the preferential use of the two internal exons 6a to 6b from the embryonic to the adult isoforms. Speci®c isoforms using alternate carboxyl-terminal exons are dierentially localized within the adult rat cerebellum. It is suggested that the tightly regulated spatial and temporal expression of Tm isoforms plays an important role in the development and maintenance of speci®c neuronal compartments. This may be acheived by isoforms providing unique structural properties to actin-based ®laments within functionally distinct neuronal domains.
Introduction
Isoform diversity is a common feature among all the major structural proteins of higher eukaryotes. The micro®lament system is composed of tropomyosin and actin, which both exist as multiple isoforms. 1 The observation that isoforms are expressed in a tissue-speci®c and developmental manner suggests that each isoform is required to carry out speci®c functions in the micro®lament system of various muscle and non-muscle cell types. In muscle cells, tropomyosins play a pivotal role in regulating the interaction between the actin and myosin ®laments. In non-muscle cells, which express an abundance of isoforms, the role of tropomyosins is beginning to be more de®ned. Tropomyosin isoforms are thought to dierentially aect the stability of actin ®la-ments 2 and have been shown to be implicated in various cellular functions including the regulation of cell transformation, 3±5 cytokinesis, 6 motility 7, 8 and morphogenesis.
9±13
However, it remains to be established how tropomyosin proteins perform an isoform-speci®c function.
Tropomyosins are encoded by multigene families but multiple isoforms are also generated by alternative processing of RNA. In mammals, four tropomyosin genes have been identi®ed (a-TM f, 14 b-TM, 15 TM4 16 and TM5 17 ) that probably evolved from a common ancestor. 14 All vertebrate tropomyosins possess a highly conserved core sequence encoded by exons 3, 4, 5, 7, and 8. The major dierences between tropomyosin isoforms result from the use of alternative exons 1, 6, and 9. It is now clear that three rat tropomyosin genes can choose between two alternate promoters associated with exons 1, two alternative exons 6, and four alternative COOH-terminal exons 9. The tropomyosin genes can each theoretically generate mRNA for at least 16 isoforms, whereas only 20 isoforms were known to be produced from all four rat tropomyosin genes. 1, 18, 19 The discovery that the TM5 gene does not produce four nonmuscle isoforms but at least 11 isoforms 20 reveals that every theoretical exon combination does indeed occur. This raises the question of whether the other tropomyosin genes have also the capability to generate such a large number of isoforms. In the following section we discuss the role of tropomyosin isoforms in neuronal morphogenesis and how multiple isoforms provide functional diversity.
What is the extent of tropomyosin isoform diversity?
Three of the tropomyosin genes can choose between two alternative promoters (1a and 1b), two alternative exons (6a and 6b), and four carboxyl-terminal exons (9a, 9b, 9c, and 9d). In the case of the Tm5 gene, one muscle isoform, aTm s, 21 and four non-muscle isoforms, termed Tm5 NM1 to NM4, 22 were known to be generated from this gene (Fig. 1) . By systematic reverse transcription polymerase chain reaction (RT-PCR) ampli®cation using primers spe-ci®c for each alternative exon, it has been shown that ®ve dierent splice combinations were possible for alternative carboxyl-terminal exon 9: 9a + 9b, 9a + 9c, 9a + 9d, 9c, and 9d, and that each of these combinations existed with both internal exon 6a and 6b. 20 This gives rise to at least 10 isoforms: NM 1±10 (Fig. 1) . The novel splicing combination 9a + 9d results in a translational termination signal in the ®rst codon of exon 9d which leaves it as a long 3¢ untranslated region (3¢ UTR; NM 5, 6), like exon 9b which provides only the 3¢ UTR when it is spliced to exon 9a (NM 3, 10) . In this case, the isoforms are identical at the protein level but dierent at the mRNA level. The splicing combination 9a + 9c creates a novel reading frame with a termination codon in the ®rst seven codons of exon 9c, resulting in an amino acid change in the ®rst six residues normally encoded by exon 9c (NM 8, 9) . Although the two alternative exons 6a and 6b are not usually spliced to each other, a Tm5 product containing both exon 6a and exon 6b was also identi®ed (NM 11). This splice event introduces a premature termination signal in the ®rst codon of exon 6b, resulting in a truncated tropomyosin of 178 amino acid residues. Some previous reports also suggest that the exons 6a and 6b of the b-TM gene could splice together in vitro 23 and in vivo. 24 In addition to Tm5 NM 1±11, Northern analysis revealed the presence of mRNA dierentially processed within their 9d 3¢ UTR. 20 A testes-speci®c Tm5 transcript likely derived from the use of an alternate polyadenylation signal. Two novel muscle Tm5 mRNA may be generated through splicing of exon 8 to an alternative acceptor site located in the 3¢ end of the 9d 3¢ UTR. Alternative splicing occurring in the 9b 3¢ UTR of the a-TM f gene was also previously reported. 25 In this case, skeletal muscle and ®-broblast produce identical a-TM f tropomyosin isoforms which are generated from two mRNA diering by 48 b.p. in their 9b 3¢ UTR sequence. Similarly, the skeletal muscle b-Tm isoform can also be produced from an unusual mRNA with an elongated 3¢ UTR caused by the retention of a 1-kb intron. 26 The extent of tropomyosin isoform diversity thus appears to be even greater than was previously believed. Alternative splicing of exons is a mechanism that is known tò shue' coding exons, producing dierences in the amino acid sequence among the isoforms, but alternative splicing can also occur in non-coding regions. In this case, a functional dierence between the isoforms may also exist at the mRNA level. The 3¢ UTR regions may endow the mRNA with isoform-speci®c functions, such as speci®c intracellular localization or translation eciency of mRNA. Given the complexity arising from alternative RNA processing, it is likely that all splicing possibilities occurring within coding and non-coding regions give rise to additional isoforms. This is supported by the report of a mouse embryonic muscle Tm5 cDNA in the Expressed Sequence Tag (EST) database of Genbank, in which the last nine codons of exon 8, the entire coding region of exon 9d, and the ®rst 400 b.p. of the 9d 3¢ UTR were missing (Accession No. W82438). This cDNA potentially encodes a 217 amino acid nonmuscle Tm5 (or a 253 amino acid muscle Tm5) because a termination codon is created after the ®rst ®ve codons in the remaining 9d 3¢ UTR sequence. The respective amino acid sequences are conserved only between rodents, but the termination codon is conserved from rat to human, suggesting a functional importance of this isoform.
Functional diversity of the tropomyosin isoforms

Tropomyosin isoform expression is developmentally regulated
It is well known that the expression of striated muscle tropomyosin isoforms is turned on during myogenesis. Changes in the expression of tropomyosin isoforms also accompany neuronal development with the induction of brain-speci®c tropomyosin isoforms from the a-Tm f gene. 27 Although no two of the 10 Tm5 isoforms are identically regulated in brain development, they are subject to a developmental switch that occurs in the preferential use of the two internal exon 6a to 6b from the embryonic to the adult isoforms. 20 A similar switch was described for a-Tm f gene Figure 1 The intron±exon organization of the TM5 gene and its associated mRNA products. Exons are represented by boxes and introns by lines. Polyadenylation signals are marked with an`A' and termination signals with a`T'. The 3¢ untranslated regions (3¢ UTR) are marked in white. The Tm5 gene structure shown is a combination of data obtained from human genomic sequence 17 and rat cDNA. 23 The precise order and location of exon 9c is unknown. Nomenclature of splice variants is based on Beisel and Kennedy. 22 The Tm5 splice variants NM 1 to NM 11 are reproduced from Dufour et al. 20 The a-Tm slow isoform expressed in skeletal muscle is also shown.
isoforms during neuronal development (R Weinberger and G Schevzov, unpubl. data). The developmental regulation of exons 6a and 6b expression suggests a speci®c role for tropomyosin isoforms containing the corresponding amino acids in neuronal micro®lament function.
Tropomyosin isoform-speci®c antibodies reveal dierential localization
The essential problem confronting studies of the intracellular localization of tropomyosin isoforms is the generation of speci®c antibodies. Antibodies directed against amino acids encoded by a speci®c TM exon have been developed. A monoclonal antibody (CG3) speci®c for all the mammalian Tm5 gene products (NM 1±11, at least) was generated by Lin et al., 28 and its epitope has been mapped to amino acids 29±44. 29 Moreover, peptides have been used to generate rabbit antisera WS 5/9c speci®c to amino acids 222±227 of the Tm5 non-muscle carboxy terminal exon 9d 12 and WD 5/9d speci®c to amino acids 222±241 of the carboxy terminal exon 9c. 20 Thus, the Tm5/9d antibody recognizes only the Tm5 NM 1 and NM 2 isoforms and the Tm5/9c antibody recognizes only the Tm5 NM 4 and NM7 isoforms. These antibodies revealed that Tm5 protein isoforms are dierentially localized within the adult rat cerebellum (Fig. 2) . The CG3 staining is broadly distributed within the cerebellum, and the WS 5/9d (NM 1, 2) and WD 5/9c (NM 4, 7) antibodies show signi®cant dierences in their localization pattern. Most prominent CG3 staining is present in the Purkinje neuron cell bodies as well as the molecular layer, which is densely packed with axons. Within the granule cell layer, staining is seen within the synaptic rich glomeruli but not in the granule cells themselves. Only the Purkinje cell soma and dendrites were identi®ed by the WS 5/9d antibody, whereas WD 5/9c staining is broader and very similar to CG3. In primary cortical neuron/glial mixtures grown in culture this antibody was neuron speci®c (Weinberger, unpubl. obs.), as was exon 9c expression from the a-Tm f gene. 12 Interestingly, the punctate staining of the CG3 antibody in the molecular layer suggests the presence of structures which were not recognized by the antibodies directed against amino acids encoded by either exon 9d or 9c. It is tempting to speculate that the Tm5 isoforms containing the 9a-encoded carboxy terminal region (Tm5 NM 5, 6, 8, 9) may account for the staining of these speci®c neuronal structures. Dierential localization of tropomyosin isoforms may thus re¯ect their functional diversity in vivo.
Neurites and growth cones are composed of distinct populations of micro®laments
The leading tips of growing nerve processes are structures known as growth cones. Elongation of the growth cone is dependent on microtubules, 30 while the motile properties and guidance at the growth cone are provided by the actinbased micro®laments. 31 Schevzov et al. have shown that the growth cone of primary cortical neurons is composed of a restricted population of micro®lament isoforms which dier from the non-motile axon shaft. 32 The WS 5/9d antibody reveals that Tm5 NM 1, 2 isoforms are present in the neurite shaft but absent from the growth cone, whereas staining with the CG3 antibody indicates that other isoforms from that gene are localized in the growth cone. The spatial segregation of micro®lament populations appears to be dynamically regulated. Disruption of micro®laments with cytochalasin B, a drug that rapidly causes fragmentation of actin ®laments, resulted in the entrance of Tm5 NM 1, 2 into the growth cone. After wash-out of the drug, these isoforms were again absent from the growth cone, suggesting that the growth cone can actively segregate Tm5 NM 1, 2. In addition to its regulation by actin ®lament, spatial isoform segregation can also involve a microtubule network. 32 Thus, tropomyosin isoforms are used in a dynamic process to de®ne speci®c intracellular micro®lament domains to which they may confer speci®c properties for performing dierent functions within the growth cone and the neurite.
Tropomyosin isoforms are associated with development of neuronal polarity
One of the fundamental aspects of neuronal dierentiation is the attainment of polarity. The polarized processes of neurons, axons, and dendrites are morphologically distinct structures, which correspond to functionally dierent regions of neurons. The polymerization of actin monomers into micro®laments has been found to provide a primary motive force for neurite outgrowth and growth cone motility. 31 The Tm5 NM 1, 2 isoforms (as detected by the WS 5/9d antibody) are expressed in developing neurons and accumulate exclusively in the growing axon. 12 The sorting of the proteins was correlated with mRNA localization to the axonal pole of dierentiating embryonic rat neurons, and the mRNA is transported into the axons of dierentiating primary cultured neurons. 11 The sorting of mRNA to speci®c neuronal compartments may allow the synthesis of discrete isoform pools for independent regulation of the supply of tropomyosins to dierent regions of the neuron. This polarized targeting of Tm5 isoforms during the development of neuronal polarity does not occur in dierentiating PC12 cells, which do not develop polarity. The co-localization of Tm5 NM 1, 2 with a subset of micro®l-aments in the dierentiating neuron may thus provide these micro®laments with unique properties required for directed outgrowth and cytoplasmic extension.
The molecular composition of neuronal micro®laments is developmentally regulated
During the early stages of neuronal dierentiation, Tm5 NM 1, 2 isoforms are located exclusively in the growing axon of a developing neuron. Upon maturation, however, these isoforms are replaced in the axon by the brain-speci®c isoform TmBr3, and the Tm5 NM 1, 2 isoforms are relocated from the axon to the cell body and the dendrites of an adult neuron. 12 This shift in localization corresponds to a switch in isoform expression from the use of exon 6a (NM 1) to exon 6b (NM 2). 20 The developmental regulation of intracellular compartment composition suggests that Tm isoforms are indeed functionally distinct and play an important role in neuronal morphogenesis, shape and function.
How do tropomyosin isoforms provide functional diversity?
It is still unknown if isoforms carry out speci®c functions due to an intrinsic functional dierence between isoforms or to dierences in their intracellular localization resulting from sorting.
Tropomyosin protein isoforms are indeed structurally dierent and may dier in their intrinsic properties. Several Tm isoforms dier in their anity for F-actin: the carboxyl-terminal exon 9 was found to be responsible for the dierence between smooth-and striated-muscle aTm f binding to F-actin. 33, 34 Also, the dierences in the binding of Tm5a and Tm5b encoded by the a-TM f gene are due to dierences in the use of exons 6a and 6b, 35, 36 and replacing 21 residues of the smooth-muscle a-Tm f exon 6b with exon 6a results in a two-fold increase in actin anity in vitro. 37 Another intrinsic property conferred by the alternatively spliced exons is to specify the formation of homodimers versus heterodimers. 38 Nonmuscle isoforms of dierent genes can form heterodimers, but pairs of isoforms diering by the use of exons 6a and 6b (Tm5a, Tm5b and Tm2, Tm3 from the a-TM f gene) are unable to heterodimerize with each other. 39 Alternatively, dierent isoforms may perform dierent tasks simply by virtue of sorting, which occurs both at the mRNA and protein levels. 40, 41 The regulation of mRNA sorting involves speci®c signals located in the 3¢ UTR of mRNA. 42 Although sequences controlling Tm mRNA location have not been identi®ed yet, it is tempting to speculate that alternative splicing of the Tm5 gene, which gives rise to mRNA encoding identical proteins but diering in their 3¢ UTR (e.g. NM 11, 3 and NM 5, 6), provides a means of regulation of mRNA redistribution and sites of synthesis of proteins.
Alternative splicing may also regulate the ®nal protein localization by selection of speci®c coding exons that may contain information for preferred protein±protein interaction. There is a shift in localization of Tm5 NM 1 and 2 isoforms from the axonal pole in the embryo to the somatodendritic compartment in the adult. 12 The sorting of the protein isoforms cannot be completely explained by sorting of the corresponding mRNA because protein distribution did not correlate exactly with mRNA localization in the mature neuron. The mRNA is restricted to the cell body and the proteins are found throughout the dendrites and cell body, suggesting that protein transport to dendrites is occurring. 11 Moreover, the shift in protein localization coincides with a switch in expression of exon 6a to exon 6b from embryonic to adult isoforms. 20 This suggests that NM 1 (exons 6a + 9d) is the isoform located exclusively in the growing axon of a developing neuron, whereas NM 2 (exons 6b + 9d) is the isoform targeted to the somatodendritic compartment of a mature neuron. Thus, the dier-ential use of exons 6a and 6b may regulate the targeting of isoforms to speci®c neuronal compartments and may therefore provide unique micro®lament properties associated with these compartments. This targeting may involve interaction with Tm binding proteins such as caldesmon. Caldesmon can stabilize tropomyosins and micro®lament bundles in vivo. 43 Some reports have suggested that a region of Tm including exon 6 is important for caldesmon binding 44 and that the sequence of exon 6 in¯uences the eect of caldesmon on the anity of Tm for actin, with exon 6a containing isoform bound with a greatest anity. 36 Caldesmon also exists as multiple isoforms.
45±47 A coordinately regulated switch occurs between a-Tm f and caldesmon isoforms during smooth muscle dedierentiation. 48 
Conclusion
Although it is becoming clear that tropomyosin isoforms are functionally distinct and contribute to the regulation of neuronal morphogenesis, an increasing number of tropomyosin isoforms have been identi®ed and the function of each speci®c isoform remains to be understood. While the protein chemistry suggests that isoforms have dierent physicochemical properties, it will be necessary to establish how in vitro dierences relate to dierential function in vivo. Also, it is still not known whether dierences in the impact of isoforms re¯ect an intrinsic functional dierence between isoforms as opposed to the performance of dierent tasks simply by virtue of sorting. Further work using isoformspeci®c antibodies, chimeric mRNA, inducible expression systems, and gene knock-out models will permit a more detailed understanding of the function that the dierent isoforms play in various cells and tissues.
